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Abstract
CubeSats are used in space research to explore new technologies and detect data to gain a better
understanding of various areas of research and subjects affecting human life. CubeSats rely on a solar array
to generate energy from the sun and perform their various functions in space. This research studies the
energy capturing potential of various solar array configurations and positioning devices for CubeSats. The
location and orientation of a CubeSat is simulated with MATLAB for both geo-synchronous and sunsynchronous orbits. Two degree-of-freedom (DoF) positioning devices are sufficient to continuously adjust
the photovoltaic array to face towards the sun. Lower DoF systems are desired as they are less complex.
Solar panel configurations included in the study are those affixed to the CubeSat sides, deployed into
alternative stationary positions, and actuated with one DoF, and with two-DoF actuation with mechanical
limitations. The energy captured over an annual cycle is determined for each case. For systems with fewer
than two DoF, optimal position settings are determined for the design parameters. The results reveal that
implementing one or more actuators to position the CubeSat’s array is beneficial for energy generation.
While the two DoF positioner is the most capable in both types of orbits, the different one DoF positioners
are comparable in energy generating potential. A one DoF positioner would be more desirable if factors
such as energy consumption, complexity, and weight were incorporated into the analysis.
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1.

Introduction
Electronic devices are continuing to gain increasing utilization, and technological

advancements are allowing them to get even smaller in the process. The miniaturization
of electronics has caused a revolution in all fields of technology, one of which now being
space satellites, termed CubeSats.

CubeSats are small satellites sized as small as

10x10x10 cm. and can weigh as little as 1.3 kg. (or 3 lb.). These CubeSats are used in
space research to explore new space technologies and gather data to gain a better
understanding of numerous subjects that impact human life. One application explored by
a senior design team at the University of Dayton involved designing a CubeSat for the
purpose of detecting methane emissions over the regions of Pennsylvania where fracking
is currently being conducted. There have been other research projects such as tracking
space junk, weather forecasting, military surveillance, missions outside of Earth’s orbit to
Mars and the Moon, and several other fields of scientific research [1].
CubeSats have allowed smaller institutions to affordably use satellites for various
specific missions or areas of research. A STEM high school in Irvine, California is one
institution that is demonstrating just how affordable and attainable CubeSats have become.
This project gave the student team the opportunity to build a satellite from scratch and
send it into space [2]. The student team launched its first CubeSat in November 2018 with
the objective of collecting data and taking photographs of stars and planets. Later that
month, the Irvine CubeSat STEM Program launched its second CubeSat. Figure 1 shows
a picture taken from the school’s first CubeSat, the Irvine01, while in orbit.

Figure 1: The picture was captured from the Irvine01 CubeSat while in orbit [3].
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The Irvine01 orbits at an altitude of about 300 miles above Earth and has taken
pictures of Venus and other celestial bodies to help calculate distances to stars. The
CubeSat even uses a deployable solar array in an attempt to improve the CubeSat’s energy
generation potential from the sun. This school’s STEM Program is hoping to inspire the
next generation of innovators by showing them it’s possible for even a team of high school
students to build and launch satellites into space. The Irvine CubeSat Program is
continuing these projects and is again looking to launch a third CubeSat into orbit towards
the end of 2019 [3].
Although the students from Irvine High have only built a small 1U CubeSat thus
far, they can range anywhere from 1 unit to 12 units in size with each unit dimensioned
10x10x10 cm. These units can be stacked in different orientations as seen in Figure 2, but
ultimately need to fit into a launch container on a larger spacecraft. The launch of the
CubeSats into orbit normally takes place as part of a larger satellite launch, with the
CubeSat(s) deployment being the secondary objective of a launch [4].

Figure 2: CubeSats are developed in various sizes and formations from the base
10x10x10 cm unit [5].
CubeSats rely on a solar array to generate energy from the sun so they can perform
their various functions in space. When there is solar radiation available in the sun stage,
the CubeSat harvests energy using the solar cells, and stores extra energy in the battery.
This is so the CubeSat has energy available when it is in the eclipse stage, or period when
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the satellite is shaded by Earth [6]. A picture of a typical side of a 3U CubeSat is displayed
in Figure 3.

Figure 3: The actual solar cells on a 3U CubeSat cover the outer layer on its sides [7].
Last year, the Air Force Institute of Technology (AFIT) decided to collaborate with
the University of Dayton’s Design of Innovative Machines Lab (DIMLab) to synthesize
the original design for a CubeSat solar array which could generate more power. Orienting
the CubeSat’s array to point more towards the sun while in orbit reduces the incident angle
at which the sun’s rays hit the solar panels. This, in turn, improves the solar cell’s
efficiency and allow the solar energy system to harvest additional energy.
Fellow UD Honors student Eric McGill developed a two degree of freedom (DoF)
mechanism that allows the photovoltaic (PV) array to do just this. The design is discussed
further in section 2.1, but in short, the actuation allows the array to generate additional
energy by positioning the array at a more optimal position relative to the sun. There has
been a strong push over the past decade to develop a mechanism that improves the
CubeSat’s energy generation potential through innovative concepts like McGill’s design.

2.

Project Description
To have decent capability for military applications, AFIT has developed 3U

CubeSats (10x10x30 cm) which are sized for the standard launch container [8]. The
available surface area of a 1U CubeSat limits the amount of expected power it is able to
generate. As Craig Clark says in his research paper, “Even with deployable solar panels,
there isn’t much scope for generating sufficient power from a 1U CubeSat to do meaty
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operations or fly a payload that takes any kind of a significant energy over a sustained
period of time” [7]. Currently, 3U CubeSats are the most common size put into orbit.
While the project’s analysis is limited to only the 3U CubeSat design, findings hold true
for other sizes with similar concepts as well.
The weight of the system is important and should be made as light as possible when
designing a CubeSat. The CubeSat standards require a maximum weight of 4 kg for 3U
CubeSats. The launch providers have deployment containers already built into their launch
vehicles, so the CubeSat must adhere to the deployment containers’ dimensions to be able
to launch [8]. However, after the deployment of the CubeSat into orbit, the solar array may
expand larger than the deployment container dimensions.
The deployment container typically uses a spring-loaded kicker plate to eject the
CubeSat(s) from the larger satellite. When a CubeSat is deployed from the larger satellite,
tumbling often occurs from bumping other CubeSats, and other deployment forces that
arise [9]. Small sensors and actuators called attitude determination and control systems
(ADCS), are often used to stabilize its tumbling after deployment while also applying the
nadir-pointing mode [10]. A CubeSat orbiting in nadir pointing mode is shown in Figure
4. The nadir axis intersects the “X-” and “X+” faces of the CubeSat and forces the bottom
of the CubeSat system to constantly point towards Earth. Once the system has been
detumbled and oriented about the nadir axis, the CubeSat proceeds to follow its orbital
pattern.

Figure 4: A CubeSat in nadir pointing mode remains oriented towards the center of Earth
throughout the orbit [11].
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The focus of this research is on two types of orbits, namely geo-synchronous and
sun-synchronous. The given names of these orbits begin to explain the difference between
them but are explained in much more detail in section 4.3. A geo-synchronous orbit
remains above one specific location relative to Earth. While in sun-synchronous, the
satellite orbits around Earth so that it passes Earth’s equator at the same local time every
cycle. The type of orbit to be selected for a specific CubeSat is decided based on the
intended function or research of the CubeSat. The orbital path can then be shaped and
controlled based on the CubeSat’s focus or location of interest.
The following thesis presents the analysis that evaluates the effectiveness with
which CubeSats generate power based on the surface area available for solar cells. To
perform such an analysis, the CubeSat’s orbit is simulated, and the instantaneous power is
calculated over time. Then, the total energy calculated is evaluated over a year-long cycle
for several solar array configurations in different orbits. One of the main functions of this
research is to see how fixed solar arrays compare to more complex concepts like one or
two DoF mechanisms used to optimally position the array. While such actuating systems
add valuable weight and space to the CubeSat, it may be worthwhile if the CubeSat’s
energy generation is significantly improved. More capable CubeSats can lead to a greater
understanding of the world and universe in which we live. With hundreds of these small
CubeSats collecting data every day, they can provide valuable insight into the problems
our world faces.
2.1 McGill’s Passive Actuating Design
The CubeSats currently used by AFIT have the solar panels rigidly affixed to the
outside surface (See Figure 5) [8]. However, for the rigid solar panel attachment, there are
obvious inefficiencies associated with positioning the solar cells on the sides. For one,
several of the CubeSat’s solar panels are completely blocked by the CubeSat’s body,
making these faces unable to generate any energy from the sun at these moments.
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Figure 5: A 3U CubeSat with affixed solar cells are mounted down the length of the
CubeSat sides [12].
McGill’s proposed design is nearly identical to Figure 5 in its deployment
container; however, once deployed, all the sides create a coplanar array above the
CubeSat. The new design features a Sarrus linkage mechanism in Figure 6 that is designed
to take up little space when stowed, but also lift the solar panels up and away from the
CubeSat body (chassis) by spring loading the array. Lifting the solar array away from the
chassis allows the array to freely rotate to some limitation angle without interference. This
limitation angle is based on the maximum length of the Sarrus linkage when vertically
extended. The higher the solar array is displaced from the chassis, the more range of
motion it has.

Figure 6: The Sarrus linkage displaces the solar array from the chassis [1].
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The proposed design uses a shape memory alloy (SMA) to passively actuate the
solar array up to this limitation angle from the horizontal position. SMA’s are metal
materials that undergo a phase change in their crystal structure, causing them to alter
shape. One such material is Nitinol, an alloy of Nickel and Titanium that is commonly
used as an actuator in spacecraft. The material has a martensite phase which allows the
material to elastically deform and bend, but once the SMA is heated, it returns to its
original austenite phase. When the nitinol spring is heated, the spring shrinks, and the
nitinol returns to its original form. The spring’s displacement creates a pulling force on
the panels to move the array in that direction [1].
For this design, additional solar panels dimensioned 10x10 cm are employed on
the bottom of the CubeSat system (see Figure 7) to generate power only for the actuation
method. The solar cells send current through the nitinol to heat the material and activate
the SMA’s austenite phase on the side in the sun. This way, the smart materials do not
directly take any energy from the CubeSat when they actuate the solar panels toward the
direction of the sun.

Figure 7: The SMA on McGill’s final CubeSat design creates a pulling force to tilt the
solar array towards the sun [1].
One significant advantage of the concept design is that the passive actuation does
not consume any of the energy generated from the top solar array. Other forms of active
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actuation need to consume a portion of the CubeSat’s energy to position the array. The
implementation of active actuators like motors reduces the net energy that could be
generated from such a positioner.

3.

Review of Conceptual Designs
McGill’s design is one solution to increase the energy generation of a CubeSat, but

there are several ways to do this. Each of the concepts below is explained to understand
how they work and how they may be beneficial to various orbits. To begin, basic concepts
are explained with no actuation at all, and then more complex designs with actuation
methods are described in detail.
3.1 Five Rigidly Mounted Panels on CubeSat Frame
The first concept is the simplest design and rigidly mounts five panels fixed to the
CubeSat’s frame as seen in Figure 8. This is referred throughout as Concept 3.1. With a
CubeSat in nadir pointing, the CubeSat’s bottom face is pointed directly at the Earth
throughout orbit, so there are no solar cells on this surface.

Figure 8: The rigidly mounted solar cells are affixed to each of the CubeSat’s five sides.
As a result of the design, several solar cells are pointing away from the sun at all
times. In an effort to address this problem, mechanisms are developed to displace the solar
array out from the CubeSat’s body once deployed in orbit.
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3.2 Horizontal Flat Plate Array on Top Face of CubeSat
The four panels on the sides of the CubeSat are attached by a hinge to the top panel.
When deployed, the four sides rotate up and lock together to create one flat horizontal array
on the top face of the CubeSat as shown in Figure 9. Since the bottom is always pointing
towards Earth, the solar array points out into space at all times. This concept is referred to
as concept 3.2.

Figure 9: The horizontal flat plate solar array rotates the sides of the CubeSat onto the
same plane.
One benefit of this design is there is no shading of the solar cells as a result of the
CubeSat body. However, the downside is that either the entire solar array receives light
from the sun or none of them do. The results section compares this design to the rigidly
mounted five side array at different specified orbits.
3.3 Horizontal Flat Plate Array Tilted to a Specified Angle
When solar arrays are installed in the United States, they are not typically oriented
horizontally, but rather are tilted to a specific angle to better point towards the sun during
the day. Analyzing a CubeSat in geo-synchronous orbit is much the same as that of a solar
array located on Earth. The CubeSat is positioned above the same latitude and stays this
way throughout the course of the year. A CubeSat with this tilted array is shown in Figure
10, and this concept is denoted as concept 3.3.
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Figure 10: The flat plate solar array is displaced upward by a Sarrus linkage and rotated
to a fixed angle.
The three axes of a CubeSat are named the nadir axis, pitch axis, and roll axis.
Figure 11 illustrates the orientation of these axes relative to the CubeSat’s orbit direction.
This tilt rotates the solar array about the roll axis to point more towards the sun. The roll
axis is also the direction at which the CubeSat travels.

Figure 11: The axes of a CubeSat are referenced relative to the direction of travel.

P a g e | 11

In order to create the tilt of the array without interference, the array needs to be
displaced upwards. To do so, a Sarrus linkage, similar to the one used in McGill’s design,
creates the displacement without using significant space inside the CubeSat. Altogether
there are three movements necessary to orient the array to the final position seen above.
The CubeSat sides first rotate up and lock together to create a flat plane (like concept 3.2),
extend the Sarrus linkage, and finally rotate to a fixed angle.
3.4 Flat Plate Array with 1 DoF Rotating About Nadir Axis
Only fixed arrays (without actuators) have been presented to this point. In the paper
titled Development of a Solar Array Drive Assembly for CubeSat by Mike Passaretti, he
states, “Body-mounted solar cells provide a minimal amount of power; deployable arrays
improve on that baseline but are still limited. To truly achieve maximum power, deployed
tracked arrays are necessary” [13]. Mechanisms which use one and two DoF positioners to
orient the solar array towards the sun throughout the orbit cycle are now considered. The
first example again employs a Sarrus linkage to displace the array away from the body of
the CubeSat, and it also tilts about the roll axis to a set angle just as in Concept 3.3. This
tilt angle remains constant throughout the CubeSat’s lifetime, and an actuator provides one
DoF to rotate the array around the nadir axis. This concept, referred to as concept 3.4
throughout, is shown in Figure 12 with an arrow indicating the axis of rotation.

Figure 12: The first one DoF positioner is tilted by a fixed angle and rotates about the
nadir axis.
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Since the array is again tilted to a fixed angle, this kind of design is particularly
beneficial to a CubeSat in geo-synchronous orbit. This concept is similar to concept 3.3,
but the added method of actuation will perhaps give the array more capability to generate
energy. The results section analyzes whether rotating the array around the nadir axis
effectively reduces the incident angle to provide value.
3.5 Flat Plate Array with 1 DoF Rotating About Pitch Axis
The next concept is again a one DoF positioner, however, rather than rotating about
the nadir axis, the array rotates about the pitch axis referenced in Figure 11. When rotating
about the pitch axis, the solar array is able to point in either the positive or negative
direction of travel. This kind of design is analyzed for a CubeSat in sun-synchronous orbit
because of the orbit’s consistent path in front of the sun. Concept 3.5 is shown in Figure
13, with an arrow indicating the new axis of rotation.

Figure 13: Another one DoF positioner is capable of rotating the solar array about the
pitch axis.
3.6 Flat Plate Array with 2 DoF on Universal Joint
The previous two concepts, 3.4 and 3.5, were one DoF positioners that were
specified for the potential in geo-synchronous and sun-synchronous respectively. Next, a
two DoF positioner is considered for both of these orbit types to see how it compares to
the fixed concepts and each orbit’s respective one DoF positioner. The two DoF concept
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pictured in Figure 14 is favorable because of its ability to arbitrarily position the array
relative to the CubeSat. This array again requires a displacement away from the CubeSat
body using the Sarrus linkage. The difference from the others is that this concept features
a universal joint on top of the Sarrus linkage to allow the array to freely rotate. This concept
is referred to as concept 3.6.

Figure 14: The two DoF positioner rotates the array in any direction using a universal
joint beneath the array.
The intent of the design is to position the array towards the sun in any direction, so
this concept is applicable to both the geo-synchronous and sun-synchronous orbits. This
concept is also subject to how far the array is able to be rotated without interference.
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3.7 Summary Table of Concepts
Table 1: The summary table references each of the solar array positioning concepts
analyzed in the paper.
Concept

Description

Degrees of
Freedom (DoF)

3.1
3.2
3.3
3.4
3.5
3.6

4.

Rigidly mounted solar cells affixed to all but the bottom
face of CubeSat
Fixed horizontal solar array on top of the CubeSat
Fixed flat plate solar array displaced upward and tilted
about the roll axis
Flat plate solar array displaced upward, tilted about the roll
axis, and free to rotate about the nadir axis
Flat plate solar array displaced upward and free to rotate
about the pitch axis
Flat plate solar array displaced upward and free to rotate
in any direction on a universal joint

0
0
0
1
1
2

Research
The research for the project is divided into these areas: the power system, solar

cells, and orbit parameters and types associated with CubeSats.
4.1 CubeSat Power System
CubeSat systems often use a variety of attitude control technology such as reaction
wheels, magnetic torquers, thrusters, and various sensors for the attitude determination and
control systems (ADCS). The ADCS measures the orientation of the satellite and is able
to either maintain or adjust the orientation of the CubeSat throughout the orbit. The ADCS
system is responsible for keeping the satellite in this nadir pointing orientation during orbit.
This is one of several subsystems that uses power in the CubeSat, and its ability to orient
the satellite is important when considering incident angles during orbit.
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There are several subsystems onboard the CubeSat and many of these take power
from the battery while inhibiting the amount of energy available for the CubeSat’s direct
function.

Some more of these subsystems include thermal control, data handling,

telecommunications, the on-board computer, etc. The electrical power system (EPS) of the
CubeSat is responsible for harvesting, storing, regulating, and distributing energy
throughout the system [11]. The only form of energy generation is done through the solar
array. The diagram for how the EPS operates is shown in Figure 15 where there is a parallel
connection between the solar array and battery.

Figure 15: The CubeSat’s electrical power system uses energy from the solar cells to
meet loads while storing supplemental energy in the battery [11]
4.2 CubeSat Solar Array
CubeSat solar cells are different from those in terrestrial applications. The makeup
of terrestrial solar energy systems has some similar ties to CubeSat solar arrays, but there
are significant differences that distinguish them from each other.
To begin, solar energy systems as a whole are explained to understand their
function, and then they are compared to CubeSat solar systems. Figure 16 shows the
progression of the solar energy system components. The photovoltaic (PV), or solar cell,
is the basis of a solar array. Typically, the cell is made of a semiconductor mono-crystalline
silicon material that converts photons from the sun’s UV rays into DC electricity [14].
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Figure 16: The solar energy system begins with a solar cell and is connected with
additional cells to form modules and arrays.
In more detail, the sun’s rays radiate photons, or particles of light, that shine down
and are either reflected, absorbed, or pass right through the cell completely. Two layers of
semi-conducting material are stacked on top of each other. In order to create an electric
field between the two silicon layers, manufacturers “dope” the silicon with other materials
(like phosphorous and boron) to provide each layer with either a positive or negative
charge. The phosphorous adds electrons, while the boron results in fewer electrons. When
the photons of light hit the silicon, electrons are knocked out of the silicon junction.
Conductive metal plates collect the electrons and transfer them to wires to generate usable
electricity [14]. Figure 17 gives a general idea of this process by identifying some of the
components involved in the conversion process.

Figure 17: The solar cell uses semi-conductor materials to convert photons of light into
electricity.
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The solar cells are connected and mounted in a support frame, termed a solar
module. The modules supply electricity at a specific voltage (like 12 or 24 V), and the
module’s current is dependent on the amount of light striking it. In Figure 16, an array is
the highest level of the solar energy system. An array is made up of several modules
connected together in series or parallel. The larger the area of the solar array, the more
electricity it generates, so modules are often connected to increase the output.
The most common type of solar cell is known as single-junction, with one silicon
junction; however, the number of junctions can be increased. This is where differences
between terrestrial and CubeSat solar arrays begin to arise. Multijunction cells have gained
popularity in space applications such as CubeSats where weight, size, and efficiency are at
a premium [15]. Typically, for most CubeSat’s, triple-junction solar cells are used to
harvest energy and lithium ion batteries are used to store the power on the CubeSat [6].
These are not typically used in terrestrial solar systems because they are considerably more
costly as a result of the fabrication techniques and materials required [15].
Triple-junction photovoltaic cells use the same process to convert the sun’s photons
into electricity. What makes them more efficient is that they are able to capture the sun’s
rays at many more wavelengths. Each of these junctions is capable of being tuned to absorb
a photon’s specific wavelength.

Therefore, multi-junction solar cells have several

junctions made of different semiconductor materials designed to absorb specific levels of
solar wavelengths. The top layer has a high-bandgap that absorbs high energy photons and
allows lower energy photons to pass through to the next layer. The next layer then has a
slightly lower bandgap to absorb photons with slightly less energy and so on. The
efficiency of the solar cell, therefore, increases with the number of total junctions [15].
Semiconductor materials, such as gallium arsenide, are now widely used in solar
cells due to its capacity to capture more of the sun’s photons. Compared to single junction
cells which have efficiencies of 15-20%, triple junction cells are able to reach up to 30%
and additional layers have reached up to 46% [15].
Another difference for these triple-junction solar cells is that they have grid lines
or bus bars as seen in Figure 18. These grid lines affect how the cells capture sunlight
because they shade some sections of the cells while also reflecting other beams of light
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off the busbars. This occurs when the sun is hitting the solar array from a position
perpendicular to the gridlines.

Figure 18: Solar cell bus bars reflect light off their sides and shade sections of the emitter.
4.3 Orbit Parameters and Types of Orbits
There are some types of orbits (sun-synchronous) that are commonly repeated for
CubeSats because of a very specific set of orbit parameters. For most cases, each CubeSat
has its own unique set of parameters because there is an infinite number of orbit
possibilities. A list of six elements called the Keplerian Elements is often used to describe
every aspect of a satellite’s orbit. These six elements are broken into three categories that
describe the shape, size, and orientation of the CubeSat’s orbit. The basis for each of these
parameters is described in detail below.
4.3.1 Keplerian Elements
The two elements that are used to define the shape of the orbit are the eccentricity
and semi-major axis. This eccentricity (e) is the factor that affects how the orbit deviates
from that of a perfect circle,

e=

ra −rp
ra +rp

(1)
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This is calculated based on the periapsis (rp), the distance when the satellite is closest to
Earth, and the apoapsis (ra), the distance when the satellite is farthest from Earth [16]. From
Equation 1, a value of zero defines the orbit as a perfect circle and a value between zero
and one makes an elliptic (or oval-shaped) orbit. Also, an orbit eccentricity of one
represents a parabolic trajectory, and anything greater than one has a hyperbolic trajectory.
While these elements are primarily used to describe satellite orbits, they also
describe Earth’s orbit around the sun. For the annual orbit of Earth, one orbit takes 365.256
days and has an eccentricity of 0.0167. The eccentricity of Earth’s orbit around the sun
causes Earth’s distance from the sun to vary throughout the year. Earth is at a distance of
about 91.40 x 106 miles at the pericenter and 94.51 x 106 miles at the apocenter [17]. This
begins to describe the next element of an orbit which has to do more with the size.
This other orbital element is known as the semi-major and semi-minor axis. The
shortest radius from the center of the orbit ellipse is the semi-minor axis (b) and the larger
radius from the center of the orbit ellipse is then the semi-major axis (a). The semi-major
axis is then defined as the average of the apoapsis and the periapsis. If the orbit is circular
with an eccentricity of zero, both the semi-major and semi-minor axes are the same.
Relating back to the example of the Earth’s orbit, this distance between the Earth and sun
is what is known as the astronomical unit (AU). The diagram in Figure 19 illustrates these
distance variables.

Figure 19: The semi-major/semi-minor orbit distances define the size of the orbit.
The next set of elements describe the orientation of the orbital plane. The
inclination and the longitude of the ascending node are the two relevant variables. The
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inclination is defined as the angle of the orbit plane relative to the Earth’s equator. The
orbit plane always rotates around the center of the Earth but may be tilted by some angle
relative to the equator. This is a value between 0°-180°. A value of zero indicates an
equatorial orbit, while a value of 90° indicates a polar orbit where the satellite crosses over
the north and south poles. The right ascension of ascending node (RAAN) is the angle
between the origin of longitude and the direction of the orbit’s ascending node. This point
is where the satellite crosses the orbit’s reference frame while traveling upward, and Figure
20 helps in picturing this [16]. This Keplerian element is also discussed as being the local
time of ascending node (LTAN). The LTAN is defined as the mean local time when the
satellite ascends across the equator.

Figure 20: The ascending and descending nodes refer to the satellite’s position when
crossing the equator [18].
The final two elements for satellite orbits are the argument of periapsis and the
mean anomaly at epoch. The argument of periapsis is defined as the angle measured from
the ascending node to the periapsis. This is the Keplerian element that orients the orbit if
the satellite is orbiting in an oval pattern. The mean anomaly at epoch is what identifies
the location of the satellite at a specific instant in time with respect to the periapsis. Many
of the Keplerian elements that describe a satellite’s orbit are in the diagram (see Figure 21)
which pieces all of these together.
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Figure 21: An orbit is defined with six unique elements known as the Keplerian
Elements.
Two of the most common types of orbits used by satellites today are geosynchronous and sun-synchronous. Not necessarily all of the parameters mentioned are
used for a given orbit. In fact, only a few parameters are required to model the two
specified orbit types, geo-synchronous and sun-synchronous.
4.3.2 Geo-Synchronous Orbit
A geo-synchronous orbit is when a satellite orbits above one specific location on
Earth. When selecting an orbit type based on the function, this orbit is particularly popular
for imaging, spy, and weather satellites because the ground track remains approximately
the same over the mission's duration [19]. A satellite in geo-synchronous orbit is capable
of being positioned above any combination of latitude and longitude on Earth. Relative to
an observer on Earth, the satellite remains at the same position in the sky. To remain
positioned above one point on Earth, the speed of the orbit must match the rotation of the
Earth. In order to create an orbit that takes 24 hours or one full day per cycle, the satellite
must orbit at a high altitude known as high Earth orbit (HEO). The satellite in geosynchronous orbit is at an altitude around 22,000 miles above Earth’s surface. One specific
orbit within this is called a geostationary orbit. For this orbit, the satellite remains on the
equatorial plane and still orbits to match the rotation rate of Earth. A satellite in geosynchronous orbit may also orbit with an eccentricity to alter the orbit pattern for a specific
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area of study. This causes the satellite to oscillate inward and outward in the sky from the
viewpoint of the ground [19].
4.3.3 Sun-Synchronous Orbit
Another common orbit is sun-synchronous. This orbit is very different from the
geo-synchronous because the CubeSat follows its own orbit pattern independent of Earth’s
rotation. This orbit is nearly polar which means the satellite almost passes over the poles
but not exactly. This orbit takes advantage of Earth’s rotation to pass over the same local
mean solar time with every orbit cycle. As the satellite orbits, the Earth turns about its own
rotation underneath it, so the satellite orbits over the equator at a different longitude each
time. Meanwhile, the solar lighting remains about the same every cycle as demonstrated
in Figure 22.

Figure 22: A CubeSat in sun-synchronous orbit uses the rotation of Earth to remain on
the same orbit plane [10].
The satellite must rotate much more rapidly than the geo-synchronous for this orbit
to happen. Sun-synchronous satellites are therefore deployed in low Earth orbit (LEO) at
much lower altitudes of between 175 and 3000 miles above Earth’s surface. No propulsion
systems are needed because the satellite uses Earth’s gravity to orbit around the Earth. The
closer the CubeSat is to Earth, the higher the velocity and lower the orbit time. In order to
meet the characteristics of this orbit, the satellite must follow a specific set of orbit
parameters. The altitude and inclination angle must correspond to each other so that the
satellite remains in this orbit throughout its lifetime. The number of orbits per day and
period of each orbit cycle varies based on the specific orbit. Table 2 below shows several
possible sun-synchronous orbit parameter combinations.
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Table 2: There are several combinations of inclination angles and altitudes that set a
CubeSat in sun-synchronous orbit.
Orbits per Approximate
day
Period

Altitude
(miles)

Inclination
(degrees)

16

1 h 30 min

175

96.6

15

1 h 36 min

357

97.7

14

1 h 43 min

560

99

13

1 h 51 min

789

100.7

12

2h

1049

103

11

2 h 11 min

1348

106

10

2 h 24 min

1697

110.1

9

2 h 40 min

2108

116

8

3h

2603

125.3

7

3 h 26 min

3214

142.1

There are also two distinct types of sun-synchronous orbits called noon/midnight
and dawn/dusk. The dawn/dusk orbit is perpendicular to the sun’s rays and the CubeSat
orbits above Earth wherever a sunset or sunrise is occurring. The LTAN of this specific
type of sun-synchronous orbit is 6 AM. This way, as the CubeSat orbits, it is constantly
receiving solar radiation and never enters an eclipse phase. When the orbit is following
the noon/midnight pattern, the LTAN is at 12 AM, and the CubeSat passes in front of the
sun with every cycle. The other half of the orbit, meanwhile, is spent on the opposite side
of Earth in eclipse.

4

Simulations
The goal of this thesis is to determine if added actuation to position a solar array

is beneficial to the CubeSat’s ability to generate energy from the sun. MATLAB code is
developed to simulate the orbit of a satellite and calculate the incident angle throughout a
CubeSat’s orbit. From there, the instantaneous power is calculated based on the incident
angle at that moment. In the end, the energy generated over the course of the annual cycle
is calculated for each of the different concepts in both geo-synchronous and sunsynchronous orbit.
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5.1 Simulation of Earth’s Position
Earth’s orbit around the sun is assumed to be a perfect circle (eccentricity = 0) with
a cycle time of exactly 365 days because the eccentricity of Earth’s rotation is small. This
assumption means that Earth’s distance from the sun stays constant throughout the entire
year, and this distance is set as one astronomical unit (AU). The calculations also do not
consider the speed at which Earth travels throughout its orbit, but rather assumes a constant
speed throughout. The constants used in the simulation are listed below:
REarth = 3,959 mi.
Astronomical Unit (AU) = 92.96 x 106 mi.
T (Tilt of Earth) = 23.5°
Two principal angles are defined by their contribution in simulating the Earth’s
position.
𝜃 = 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑦𝑒𝑎𝑟 (𝐸𝑎𝑟𝑡ℎ′ 𝑠 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑏𝑜𝑢𝑡 𝑡ℎ𝑒 𝑠𝑢𝑛)
𝜙 = 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑎𝑦 (𝐸𝑎𝑟𝑡ℎ′ 𝑠 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑏𝑜𝑢𝑡 𝑖𝑡𝑠 𝑜𝑤𝑛 𝑎𝑥𝑖𝑠)
The three components that are modeled for their continuous position over time are
the sun, the Earth, and the satellite. The sun is located at the origin and everything else
orbits relative to it. Thus, the sun is located at the fixed reference frame at [0,0,0]. As for
the Earth, a series of rotation and translation matrices are developed to position Earth’s
reference frame, and the angles listed above are used to model this. The product of the
matrices simulates Earth’s continuously changing position throughout an annual cycle.
The Earth reference frame (EF) is calculated in Equation 2 where the first letter represents
the axis of rotation, and the angle in parenthesis is the magnitude. The one matrix different
from the rest is the XT which is a translation in the direction of the axis rather than a
rotation.
𝐸𝐹 = 𝑍(𝜃) ∗ 𝑋𝑇 (𝐴𝑈) ∗ 𝑍(−𝜃) ∗ 𝑌(−𝑇) ∗ 𝑍(𝜓) ∗ 𝑍(𝜙)

(2)

Each matrix contributes to positioning the Earth at each point during its orbit, and
a loop is used to simulate Earth’s change in position. The loop is set to run “n” number of
times based on how often data is collected for the position and energy calculations. More
runs improve the calculation accuracy but also increases the simulation run time. For
reference, 525,600 runs through the loop calculate data for every minute of time.
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The three angles that vary across time are θ, , and . Angles θ and  are already
defined and set to scale based on their rotational speeds, and  is a calculation based off of
these angles. Angle θ is rotating at a rate of 1/365 of  because the Earth rotates about its
axis 365 times for every one rotation from θ. The sun’s reference frame is set so that Earth
rotates around the sun in the x-y plane with the z-axis is pointing vertically upwards. The
first matrix is a rotation about the z-axis by the angle θ, and this rotates Earth for one annual
cycle lasting 365 days.
cos(𝜃)
𝑍(𝜃) = [ sin(𝜃)
0
0

− sin(𝜃)
cos(𝜃)
0
0

0
0
1
0

0
0]
0
1

(3)

The next step is a translation in the x-direction by one AU. This brings the reference
frame to the average distance between the Earth and the sun. Then, the rotation from Z(θ)
should be undone to rotate about the z-axis by negative θ. This is necessary to apply the
tilt angle of Earth, T.
1
0
𝑋𝑇 (𝐴𝑈) = [
0
0

0
1
0
0

0 𝐴𝑈
0 0
]
1 0
0 1

cos(−𝜃) − sin(−𝜃)
𝑍(−𝜃) = [ sin(−𝜃) cos(−𝜃)
0
0
0
0

(4)

0
0
1
0

0
0]
0
1

(5)

The Earth is set at a tilt of about 23.5° relative to the sun’s x-y plane, and the Earth
rotates about this axis once per day. The tilt of the Earth affects the angle at which solar
radiation beams onto different hemispheres of Earth over different periods of the year. In
June the northern hemisphere is tilted towards the sun while in January, the Southern
hemisphere is tilted towards the sun. Y(-T) rotates about the y-axis by this tilt angle of 23.5° to apply the tilt of the Earth.
cos(−23.5)
0
𝑌(−𝑇) = [
−sin(−23.5)
0

0
1
0
0

sin(−23.5)
0
cos(−23.5)
0

0
0]
0
1

(6)
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Next, an angle is calculated to keep Earth at its fixed tilt angle while adjusting
Earth’s reference frame back to the time of year. The equation for  is,

𝜓 = tan−1 [

(sin(𝜃)∗cos(−𝑇))
cos(𝜃)

]

(7)

Then, a rotation about the z-axis by this angle  positions Earth back at the correct
time of year.
cos(𝜓)
𝑍(𝜓) = [ sin(𝜓)
0
0

− sin(𝜓)
cos(𝜓)
0
0

0
0
1
0

0
0]
0
1

(8)

The final step is to set up Earth’s rotation about its own axis at that tilt angle. To
do so, a rotation about the z-axis rotates the Earth at a rate of 365 rotations per year. Figure
23 illustrates steps that contribute to positioning Earth relative to the sun.
cos(𝜙) − sin(𝜙)
𝑍(𝜙) = [ sin(𝜙) cos(𝜙)
0
0
0
0

0
0
1
0

0
0]
0
1

(9)

Figure 23: Earth’s position is modeled using six matrices that effectively rotate and
translate the Earth to its position.
The rotation and translation matrices above are multiplied by each other in the order
they were mentioned to calculate Earth’s reference frame relative to the sun’s location at
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the origin. Now that the Earth’s reference frame is obtained, a new set of matrices is
developed to position the satellite throughout orbit.

Geo-synchronous and sun-

synchronous orbits were received in the research section.
5.2 Simulation of Geo-Synchronous Orbit
A geo-synchronous orbit is readily modeled because the satellite’s orbit is fixed
above one location relative to Earth. The two parameters needed are the latitude and the
longitude position of the satellite. For this purpose, alpha (α) is defined as the longitude
position from -90 to +90 (East as positive) and  is the latitude position from -90 to +90
(North as positive). For example, if the desired orbit is above Dayton, Ohio; α is set to
-84, and  is set to 40. The satellite remains above Earth at nearly 40° North and 84° West,
Dayton’s longitude and latitude.
The satellite reference frame (𝑆𝐹𝐺 ) for a CubeSat in geo-synchronous orbit is set
by multiplying three additional matrices to the Earth reference frame.
𝑆𝐹𝐺 = 𝐸𝐹 ∗ 𝑍(𝛼) ∗ 𝑌(−𝛽) ∗ 𝑋𝑇 (𝐴𝐿𝑇)

(10)

The first matrix is a rotation about the z-axis by angle α, the desired longitude of
the CubeSat. Similarly, the next matrix is a rotation about the y-axis by the angle , the
latitude location of the CubeSat. Finally, there is a translation away from Earth in the xdirection by the defined altitude of the satellite. The three matrices are multiplied by the
Earth Frame in Equation 10 to achieve the new satellite frame in geosynchronous orbit.
cos(𝛼) − sin(𝛼)
𝑍(𝛼) = [ sin(𝛼) cos(𝛼)
0
0
0
0
cos(−𝛽)
0
𝑌(−𝛽) = [
−sin(−𝛽)
0
1
0
𝑋𝑇 (𝐴𝐿𝑇) = [
0
0

0
0
1
0

0
0]
0
1

0 sin(−𝛽) 0
1
0
0]
0 cos(−𝛽) 0
0
0
1
0
1
0
0

0 𝐴𝐿𝑇
0
0
]
1
0
0
1

(11)

(12)

(13)
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5.3 Simulation of Sun-Synchronous Orbit
The other common orbit is sun-synchronous. The noon/midnight sun-synchronous
orbit is simulated here, but the dawn/dusk type can be replicated by changing the RAAN.
Another orbit parameter relevant for this orbit is the inclination angle, . This is defined as
the angle relative to the equator of the CubeSat’s orbit. The altitude of the CubeSat must
match this angle, as in Table 2. The satellite reference frame (𝑆𝐹𝑆 ) for a CubeSat in sunsynchronous orbit is set by multiplying five additional matrices into Earth’s reference
frame,
𝑆𝐹𝑆 = 𝐸𝐹 ∗ 𝑍(−𝜙) ∗ 𝑍(𝛼) ∗ 𝑌(𝜅) ∗ 𝑍(𝛾) ∗ 𝑋𝑇 (𝐴𝐿𝑇)

(14)

Since the sun-synchronous orbit does not orbit at the same rate as Earth (like a geosynchronous orbit does) the rotation matrix for Earth’s rotation about the z-axis is undone.
cos(−𝜙)
𝑍(−𝜙) = [ sin(−𝜙)
0
0

− sin(−𝜙)
cos(−𝜙)
0
0

0
0
1
0

0
0]
0
1

(15)

Once undone, the satellite is ready to be oriented by its orbit parameters. First is a
rotation about the z-axis by α. This variable, known as the RAAN, is used in the same was
as longitude from geo-synchronous and sets the CubeSat into the correct type of sunsynchronous orbit (either dusk/dawn or noon/midnight). Based on the original orientation,
the RAAN of a noon/midnight orbit is 270°. Next, a rotation about the y-axis by the
inclination angle, , orients the CubeSat for its orbital pattern,
cos(𝛼) − sin(𝛼)
𝑍(𝛼) = [ sin(𝛼) cos(𝛼)
0
0
0
0
cos(𝜅)
𝑌(𝜅) = [ 0
−sin(𝜅)
0

0
0
1
0

0
0],
0
1

(16)

0 sin(𝜅) 0
1
0
0].
0 cos(𝜅) 0
0
0
1

(17)

Then, the CubeSat is oriented correctly to be placed in orbit. A rotation about the
z-axis by the angle ρ puts the CubeSat into its circular orbit around the Earth. The speed
of the orbit must match the altitude and inclination angle as well. If the CubeSat orbits
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fifteen times per day, the speed must be fifteen times faster than Earth’s rotation about its
own axis. Finally, all that is left is a translation about the x-axis by the satellite’s altitude.
cos 𝜌
sin(𝜌)
𝑍(𝛾) = [
0
0
1
0
𝑋𝑇 (𝐴𝐿𝑇) = [
0
0

− sin(𝜌)
cos(𝜌)
0
0
0
1
0
0

0
0
1
0

0
0]
0
1

0 𝐴𝐿𝑇
0
0
]
1
0
0
1

(18)

(19)

The satellite reference frame is calculated by using the Earth frame matrix defined
earlier (EF) and multiplying these five matrices (see Equation 14). There are some designs
where these matrices are adequate for calculating the energy generated, such as a CubeSat
with solar cells affixed to the sides or one with a fixed flat deployed solar array over the
CubeSat.
5.4 Positioning of the Flat Plate Tilted Array
Through more advanced designs, CubeSat’s are able to actuate solar arrays to face
the sun for improved energy generation capacities. The one simple example (concept 3.3)
does not use any actuation method, but rather tilts the array to a fixed angle, , about the
roll axis throughout the orbit.  has already been defined as the latitude location in geosynchronous orbit, and the reason for this is explained in the results section. To position
the array at this fixed tilt, a single rotation matrix is multiplied into the previous satellite
frame (SFG).
cos(𝛽)
𝑌() = [ 0
−sin(𝛽)
0

0 sin(𝛽) 0
1
0
0]
0 cos(𝛽) 0
0
0
1

(20)

5.5 Positioning of the Two DoF Array on a Universal Joint
Tilting the array to a fixed angle is a common method used to improve energy
generation, but other concepts are considered that use mechanical systems to actively orient
the arrays. These systems include a two DoF mechanism (concept 3.6) utilizing a universal
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joint, and multiple one DoF mechanisms rotating about their respective axes (concepts 3.4
and 3.5). With each of these, the tilt angle or limit of the tilt angle can be controlled and
compared amongst other design concepts.
Each of these three actuation methods develops their own equations to find the
optimum orientation for the solar array depending on the satellite’s position at that moment.
For the two DoF mechanism, the variables δ and  are calculated at each moment of time
to orient the solar array in the optimum direction. Variable, AJ, is defined as a 3 x 3 matrix
(AJ  R3x3) from the CubeSat reference frame, while 𝑆̂vec is the unit vector set as a 3 x 1
matrix (Svec  R3) representing the direction from the satellite to the sun,
𝑆𝑥
cos(𝛿)
𝑎1
𝐽 = 𝐴𝐽 ∗ [ cos(𝛾) ∗ sin(𝛿) ] ∗ [𝑆𝑦 ] 𝑤ℎ𝑒𝑟𝑒 (𝐴𝐽 = [𝑎2
𝑎3
𝑆𝑧
sin(𝛾) ∗ sin(𝛿)

𝑏1
𝑏2
𝑏3

𝑐1
𝑐2 ])
𝑐3

(21)

The equation, J, is expanded, and the derivatives are set equal to zero. Setting the
derivatives equal to zero, allows angles  and δ to be solved for the optimal angles.
𝐽 = 𝐴 cos(𝛿) + 𝐵 cos(𝛾) sin(𝛿) + 𝐶 sin(𝛾) sin(𝛿) ,

(22)

∗ 𝑤ℎ𝑒𝑟𝑒 𝐴, 𝐵, 𝑎𝑛𝑑 𝐶 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑐𝑜𝑙𝑢𝑚𝑛𝑠 𝑖𝑛 𝐴𝐽
𝑑𝐽

= −𝐵 𝑠𝑖𝑛(𝛿) sin(𝛾) + 𝐶 𝑐𝑜𝑠(𝛾) sin(𝛿) = 0,

(23)

= −𝐴 𝑠𝑖𝑛(𝛿) + 𝐵 𝑐𝑜𝑠(𝛾) cos(𝛿) + 𝐶 𝑠𝑖𝑛(𝛾) cos(𝛿) = 0.

(24)

𝑑𝛾
𝑑𝐽
𝑑𝛿

The two derivative equations (Equations 23 and 24) are combined into a matrix
seen below using the trigonometric functions with δ. Then, the equation is simplified so
that it is only in terms of . Equation 25 is expanded and finally divided out by a cos2()
term, so it can be solved quadratically for the tan(),
[

𝐶 cos(𝛾) − 𝐵𝑠𝑖𝑛(𝛾)
0
sin(𝛿)
0
]∗[
] = [ ],
−𝐴
𝐵 cos(𝛾) + 𝐶 sin(𝛾)
cos(𝛿)
0

(25)

𝐵𝐶 − 𝐵 2 tan(𝛾) + 𝐶 2 tan(𝛾) − 𝐵𝐶 tan2 (𝛾) = 0

(26)

Once  is solved for, Equation 27 is simplified by dividing out a cos(δ) term, angle
δ is calculated using,
−𝐴 𝑡𝑎𝑛(𝛿) + 𝐵𝑐𝑜𝑠(𝛾) + 𝐶𝑠𝑖𝑛(𝛾) = 0,

(27)
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𝐵𝑐𝑜𝑠(𝛾)+𝐶𝑠𝑖𝑛(𝛾)

𝛿 = tan−1 (

𝐴

).

(28)

After the two angles have been calculated for the two DoF positioner’s optimum
tilt angle, the solar array can be positioned. The rotation matrices that orient the array in
the optimum location are seen below. These are then multiplied by either the SFG or SFS
to position the array for the calculations.
1
0
0
0 cos(𝛾) − sin(𝛾)
𝑋(𝛾) = [
0 sin(𝛾) cos(𝛾)
0
0
0

0
0
]
0
1

(29)

cos(𝛿) − sin(𝛿)
𝑍(𝛿) = [ sin(𝛿) cos(𝛿)
0
0
0
0

0
0]
0
1

(30)

0
0
1
0

5.6 Positioning of the One DoF Array Rotating about Nadir Axis
The one DoF positioner, concept 3.4, fixes the array at a specified angle, δ, and a
one DoF mechanism rotates the array about the nadir axis. With δ set,  defines the
optimal position of the array. The derivative in the two DoF optimization problem is
simplified so it is in terms of only  by dividing the equation by sin(δ). The steps below
simplify the final equation for .
−𝐵 𝑠𝑖𝑛(𝛿) sin(𝛾) + 𝐶 𝑐𝑜𝑠(𝛾) sin(𝛿) = 0 → 𝐵 sin(𝛾) = 𝐶 𝑐𝑜𝑠(𝛾)
𝐶

𝛾 = tan−1 (𝐵)

(31)
(32)

Once angles  and δ are known, the rotation matrices orient the array just as was
done for 2 DoF system. The matrices are identical and again are multiplied by either
satellite reference frame (SFG or SFs) depending on the orbit type.
1
0
0
0 cos(𝛾) − sin(𝛾)
𝑋(𝛾) = [
0 sin(𝛾) cos(𝛾)
0
0
0

0
0
]
0
1

(33)
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cos(𝛿) − sin(𝛿)
𝑍(𝛿) = [ sin(𝛿) cos(𝛿)
0
0
0
0

0
0
1
0

0
0]
0
1

(34)

5.7 Positioning of the One DoF Array Rotating about Pitch Axis
The next concept, concept 3.5, is examined only for the purpose of sun-synchronous
orbit. This one DoF positioner rotates about the pitch axis. This system requires solving
for δ to tilt the array about this pitch axis. To find this optimum angle at any moment, xvec
is defined as a vector pointing in the direction of travel. The other vector used is from the
satellite to the sun (𝑆⃑). The dot product between these two vectors determines the optimum
tilt angle. To position the array at this new optimum position, the satellite frame is
multiplied by the rotation matrix below to calculate the new array reference frame.
𝛿 = sin−1(𝑆⃑ • 𝑥⃑𝑣𝑒𝑐 )
cos(𝛿) − sin(𝛿)
𝑂1 = [ sin(𝛿) cos(𝛿)
0
0
0
0

(35)
0
0
1
0

0
0]
0
1

(36)

After determining the optimum angles, limitation angles (if necessary) may be
applied for either this concept or the two DoF positioner before using the rotation
matrices. This can be done with an if statement that states if the calculated angle, δ, is
greater than the limitation angle, then δ should be set to the maximum limitation angle.
This is another significant factor because large tilt angles are not realistic with the chassis
right beneath it.
5.8 Incident Angle Calculations
The previous calculations position the CubeSat in either geo-synchronous or sunsynchronous orbit patterns and rotate the array into the optimum position based on the
specified concept. Using the solar array’s reference frame, the normal vector from the solar
array’s plane is known. In combination with the vector 𝑆⃑ which points from the satellite
to the sun, the incident angle between the sun’s rays and the normal is determined with a
dot product. For the CubeSat with solar panels rigidly mounted on each side, this is done
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for each of the five different faces. The remaining designs only require one because all the
solar cells are coplanar once the CubeSat is deployed. The efficiency equation for the solar
cells used on the CubeSat generates a relationship with the incident angle. Before
calculating the efficiency, the CubeSat must be in the sunlight phase otherwise the CubeSat
is shaded by Earth, and the sun’s rays are unable to contact the solar cells.
5.9 Power Calculations
When the CubeSat is shaded by Earth, the calculations should result in the solar
array generating no power. To determine when the CubeSat is in the sun or eclipse, vectors
from the sun to the satellite and the sun to Earth are needed. The angle (μ) is calculated
between the vector that points from the sun to the center of Earth (AU) and the vector that
points from the sun to satellite. The angle (ν) is also calculated between the vector that
points from the sun to the center of Earth and the vector that points from the sun to outside
ring of Earth. In three dimensions, a cone is created with the point at the center of the sun
and the base being a circle with Earth’s radius. If μ is larger than ν, then the CubeSat is in
the sun since it is outside this cone. However, for the majority of the time, the CubeSat is
located inside the cone. If the distance from the sun to the satellite, ⃑⃑⃑
𝑆, is larger than the
astronomical unit (AU), then the satellite is on the far side of the Earth and is in its eclipse
stage. Figure 24 displays two of the satellite’s three possible locations with the black
indicating eclipse.

Figure 24: The variables and angles are defined to determine when the CubeSat is in the
sun or eclipse.
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If the distance from the sun to the satellite is less than one AU, the satellite is in
front of Earth and receiving sunlight. This calculation is performed under the assumption
that the sun is a single point and does not account for its size. This assumption is kept
consistent throughout all simulations and calculations of energy generation.
A variable named sunlight is defined as “1” if the CubeSat is in the sun and “0” if
it is in eclipse. In order for a solar panel to generate energy, the CubeSat must be both in
the sun and have an incident angle less than 90°. If this is the case, the efficiency of the
array’s side is calculated using the incident angle. The formula written below is taken from
Seshan’s paper on “Cell Efficiency Dependence on Solar Incidence Angle [20],
𝜂 = 0.0181 ∗ sin(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡) + 0.2707 ∗ cos(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡).

(37)

The paper, therefore, presents two efficiency equations which are to be used based
on whether the sun’s rays hit the solar panels parallel or perpendicular to the grid lines. In
Figure 25, the orange line represents the efficiency when the rays hit the panel
perpendicularly, and the black line represents the efficiency when the rays hit the panel in
parallel.

Figure 25: The efficiency is a function of the incident angle at which the sun’s rays hit
the solar cells [20].
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As the difference between the curves is modest, and the simulation is focused on
concept comparison, only the equation for the sun’s ray hitting the solar cells parallel to
the grid lines is used in the power equation,
𝑃𝑂𝑢𝑡𝑝𝑢𝑡 = 𝜂 ∗ 𝑆𝑜𝑙𝑎𝑟 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝐴𝑟𝑒𝑎

(38)

Equation 38 calculates the power output of a solar cell using three variables: the
efficiency of the solar cell, ƞ, the solar cell area receiving sunlight, and the solar intensity.
The dimensions of a 3U CubeSat side is 0.1x0.1 m for the top face and 0.1x0.3 m for the
sides as seen in Figure 3. The entire CubeSat surface is not covered in solar cells, so the
solar cell area is estimated to be 90% of the total surface. The solar constant is the amount
of energy that reaches a unit plane surface perpendicular to the Sun's rays outside the
Earth's atmosphere when the Earth is at its mean distance from the Sun. The solar constant
is slightly more complicated to model in space since it is dependent on the distance from
the sun [21]. For these satellites in orbit, the solar constant is estimated to be about 1361
W/m^2. Now, everything is known to calculate the power output for the CubeSat’s solar
array at any point in orbit. A plot of the power versus time displays the energy generated
over the annual cycle as the area under the curve. To calculate energy, the trapezoidal
function (trapz) is used in MATLAB to compute the approximate integral of the power
with respect to time.

6 Results
MATLAB code is developed to simulate the orbit of the CubeSat in both geosynchronous and sun-synchronous orbit. For CubeSats in geo-synchronous orbit, the main
parameter is the location of the satellite relative to Earth. For this purpose, several latitude
positions were analyzed from the equator (0°) to the North Pole (90° N). Over an annual
cycle, the orbit is symmetric about the equator, meaning the results are the same at 45° N
and 45° S. The longitude location of the CubeSat has little to no effect on the energy
generation of the CubeSat and, over the course of the year, this is negligible.
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6.1 Geo-Synchronous Orbit
When analyzing CubeSats in geo-synchronous orbit, the first set of simulations is
designed to see how a fixed tilted array (concept 3.3) compared to 5 sides (concept 3.1)
and the horizontal flat plate (concept 3.2). For solar arrays on Earth, the optimal tilt angle
is typically found to be equal to the latitude position from where the array is being installed.
The sun appears higher in the sky during the summer and lower in the winter as seen in
Figure 26 below.

Figure 26: The sun’s location in the sky varies depending on the time of year [21].
The picture shows the sun’s path from some location in the northern hemisphere
because the sun is located to the South when it is highest in the sky. Ideally, the array is
tilted towards the sun’s average position in the sky which occurs at the equinoxes. This is
the reason why terrestrial solar arrays are installed at angles equal to the latitude position.
What is uncertain is if the optimum angle for a CubeSat’s solar array is consistent with
terrestrial applications. To check, the energy generation is calculated at various tilt angles
for a specific latitude in geo-synchronous orbit. The CubeSat is positioned at a latitude of
30° South for the first test and again at 45° North for the second test. The plots in Figure
27 confirm the theory that the optimum tilt angle is indeed equal to the latitude position.

P a g e | 37

Figure 27: The fixed tilted array is simulated with multiple tilt angles at latitude positions
of 30° S (left) and 45° N (right).
This is the reason why the tilt angle is specified as the same variable, , as the
latitude location in Section 4.4. This angle may not always be attainable because it is
dependent on the limitation angle where the CubeSat experiences interference. The tilted
solar array concept is compared to the other fixed concepts such as rigidly mounted panels
and a flat plate array on the top of the CubeSat. For the purpose of the simulation, the tilted
array concept does not experience any interference at the large tilt angles. The plot below
in Figure 28 shows the energy generation for the annual cycle with respect to latitude
positions 0° to 90° North.

Figure 28: The energy output is compared for the fixed array concepts in geosynchronous orbit.
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The plot shows that the maximum energy generation is obtained from the tilted
array independent of its latitude position. As expected the flat plate array is equal to the
tilted array at the equator because the optimum angle is zero. The closer the latitude
position is to 50° North, the more favorable the tilted array is over the other concepts.
The next focus analyzes how the optimum fixed array compares to concepts with
one or two DoF positioners in geo-synchronous orbit. Calculations first determine if there
is an optimum tilt angle for the one DoF positioner rotating about the nadir axis. The plot
below (Figure 29) shows the energy generation at different tilt angles compared to the tilted
flat plate plotted as a darker blue line.

Figure 29: The energy output is compared for concept 3.4 at various tilt angles.
Based on the results, there is not necessarily a trend in finding the optimum tilt
angle. This angle is largely dependent on the latitude position of the satellite, but it is not
like the fixed tilted array where the optimum is equal to the latitude. When the orbit is near
the equator, tilt angles in the range of 45°- 60° appear to be best. However, for orbits near
the poles, higher tilt angles in the range of 75°- 90° are optimum. The tilt angle depends
on the latitude position, but interference with the chassis during positioning is also a
limiting factor in its selection. The results reveal that the one DoF positioner provides a
fairly significant advantage over the fixed array regardless of the tilt angle.
Again, the plot below displays energy generated over the annual cycle at the same
latitude range 0°- 90°, but this time for varying limitation angles. The plot again compares
the two DoF mechanism to the tilted flat plate plotted as a darker blue line (see Figure 30).
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Figure 30: The energy output is compared for concept 3.6 at various limitation angles.
The universal joint at the top of the CubeSat allows the solar array to orient toward
the sun. The limiting factor of the design remains interference with the CubeSat chassis.
The larger the limitation angle, the more ability the array has to orient toward the sun
resulting in higher energy generation. Compared to the fixed array, the two DoF concept
offers a significant upgrade over the optimum fixed array regardless of the limitation angle.
The plots reveal that actuating the array with either one or two DoF is beneficial to
the array’s total energy generating capacity. Figure 31 shows how the one DoF positioner
compares to that of the two DoF positioner at two different limitation/tilt angles.

Figure 31: The energy output is compared for several concepts at limitation/tilt angles of
45° (left) and 60° (right) in geo-synchronous orbit.
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The plot above illustrates the energy generation differences simulated between the
fixed, one DoF, and two DoF positioners. They are again simulated at multiple latitude
locations, but now the limitation/tilt angle has been fixed to either 45° or 60° for each case.
As the CubeSat is set to orbit at a location of higher altitude, the actuation methods provide
larger advantages over the fixed array. Note that as the latitude increases, the difference in
energy between the two forms of actuation also increases. A tilt angle of 60°, as opposed
to 45°, allows the array to generate more energy, especially for the one DoF positioner.
6.2 Sun-Synchronous Orbit
This section analyzes the results of several concepts in a sun-synchronous orbit. A
CubeSat in sun-synchronous orbit has several other parameters that affect what kind of an
orbit the satellite is in. A CubeSat is capable of orbiting anywhere between seven and
sixteen times per day depending on the altitude. This also affects the orbit inclination of
the CubeSat. For the completed simulations, the number of orbits per day is set at fifteen.
The orbit time is 96 minutes and the inclination is 97.7°. If the CubeSat is deployed at a
higher altitude that orbits fewer times per day, the results are subject to change as a result
of a different inclination angle. For example, lowering the number of orbits per day to ten
raised the inclination to 110.1 °. The higher the inclination angle the farther the CubeSat
is from a polar orbit. When this occurs, the CubeSat orbit path deviates more from a path
passing in front of the sun, resulting in higher incident angles.
A CubeSat in sun-synchronous orbit passes in front of the sun. Therefore, there is
not an optimum tilt angle to position the flat plate. For this reason, the only fixed concepts
that are simulated in the orbit type are concepts 3.1 and 3.2. All three of the positioners
with actuators are also compared to these fixed concepts. The only new concept which is
not considered for the sun-synchronous orbit is the one DoF positioner that rotates about
the pitch axis (concept 3.5). First, the three concepts with actuation are analyzed to see how
the energy generation varies with respect to the limitation angle of the concept. Figure 32
shows this for each of the three cases.
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Figure 32: The energy output of actuating concepts changes with the limitation angle.
Figure 32 shows that there is an optimum tilt angle when rotating about the nadir
axis. However, compared to the other one DoF positioner rotating about the pitch axis,
concept 3.4 is far less efficient. A CubeSat in a noon-midnight sun-synchronous orbit has
an orbit pattern that always passes perpendicularly in front of the sun at the equator.
Because of this orbit path, a rotation about the pitch axis positions the array towards the
sun when the CubeSat enters and leaves the eclipse stage. Figure 33 shows the energy
output for each solar array concept at different angles of limitation (if applicable). The
range for the limitation angle is 30°-90° taken at increments of 15°.

Figure 33: The energy output is compared for several concepts in sun-synchronous orbit.
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Based on the plot, there certainly is a significant advantage in positioning the solar
array with a one or two DoF actuator as opposed to a fixed concept. When analyzing the
two concepts with 1 DoF in sun-synchronous, rotating about the pitch axis is superior to
rotating about the nadir axis. Then, when comparing the energy output of the one DoF
positioner rotating about the pitch axis to a two DoF positioner, Figure 33 shows almost
no benefit in adding another actuator to increase power generation.
6.3 Related Work Simulating a CubeSat in Sun-Synchronous Orbit
These results make intuitive sense as the energy output of the CubeSat solar system
appears to be modeled accurately. However, there are other papers that perform similar
analyses to this work. The paper titled “Huge Power Demand…Itsy-Bitsy Satellite:
Solving the CubeSat Power Paradox” developed a similar study [7]. That paper examines
how to improve the efficiency and effectiveness of the power management system by
changing the configuration of the solar array. Though that paper did not simulate actuated
positioners, it did simulate both a 1U and a 3U CubeSat in sun-synchronous orbit with
rigidly mounted solar cells. The paper mentioned that the 1U CubeSat solar cells with
dimensions 100 mm x 83 mm were mounted on the CubeSat’s sides. Figure 34 compares
the power output of this 1U CubeSat as seen below over two cycles.

Figure 34: The power output over two orbit cycles is compared to Clark’s 1U results
(left) [7].
Clark’s plot on the left shows that the period of the cycle is about 95 minutes long.
A period of this length in sun-synchronous orbit means that the CubeSat is likely in orbit
at an altitude of 357 miles with an inclination angle of 97.7°. Additionally, the paper
mentioned that the CubeSat is launched in a nadir pointing orientation at an LTAN of 12
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AM. This means that the CubeSat’s bottom side is constantly pointing towards Earth and
is in the noon-midnight sun-synchronous orbit.
The simulation is repeated with respect to the sun-synchronous orbit used by Clark.
The efficiency is estimated based on the power generation in the plot above. Due to the
sharp vertical lines at the beginning and end of the curve, the solar cell must receive zero
power at some angle less than 90°. The efficiency equation estimated to more closely
match Clark’s is shown in Figure 35.
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Figure 35: The efficiency as a function of incident angle is estimated based on Clark’s
power output plot.
The efficiency equation has the same cosine portion of the curve with respect to the
incident angle. Once the incident angle becomes larger than 70°, the solar cells are unable
to generate energy.
In the same way, a 3U CubeSat in sun-synchronous orbit is simulated again with
rigidly mounted panels on the side. The conditions remained the same with respect to the
pointing orientation, LTAN, and estimated efficiency equation. The main difference from
before is in the cell area. This is mentioned to have dimensions of 39.70 mm x 69.11 mm.
With these dimensions, seven cells are placed on the sides and two on the top face. The
comparison between the two tests is again shown for the 3U CubeSat in Figure 36.
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Figure 36: The power output over two orbit cycles is compared to Clark’s 3U results
(left) [7].
The plots from Clark’s simulations on the left and the one developed herein on the
right show certain similarities. The plots have the same shape and curves for each of the
three faces accounted for in the calculations. There are noticeable differences in the plots
too. For one, Clark’s plots appear to generate different level peaks. For both the 1U and
3U simulations, the +x face of the CubeSat generates more energy than the -x face does.
The other difference is in regard to the total power output of the CubeSat’s solar array. For
the 1U array, Clark did not generate as much power as the one developed on the right in
Figure 34. While the 3U CubeSat showed that Clark’s array generated more power than
this one on the right in Figure 36. Some possibilities may be because of the time of the
year of the simulation. The paper did not specify the orbit parameters so assumptions were
used and likely led to differences in the simulations. One of which is if Clark simulated
Earth’s orbit with an eccentricity, this may have an effect on the distance from the sun.

7 Discussion
Overall, the findings were consistent for CubeSats in both geo-synchronous and
sun-synchronous orbit. Adding an actuator is beneficial to improve energy generation of
the solar array for both types of orbit, but a two DoF positioner doesn’t appear to be more
favorable. As mentioned in the paper by Wu, “Theoretically, a solar panel with two or
three DOF rotation freedoms tracks the sun more effectively. However, extra rotation
freedom will introduce extra driving mechanisms, cables, slip rings, control systems, etc.,
which increase the weight, energy consumption and decrease the reliability” [22]. Since
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CubeSats have limited weight and space available inside, adding another actuator makes
little sense to generate only slightly more energy from the solar array. The two orbit types
are now addressed separately.
7.1 Geo-Synchronous Orbit
The highest energy output for a fixed array in geo-synchronous is the tilted flat plate
which generated about 124 kWh over the course of the annual cycle. The results compared
in this section were analyzed at a constant latitude position of 45° North for each of the
concepts. By tilting the array in the same way and adding an actuator that allows the array
to rotate about the nadir axis, the energy output increased to about 230 kWh. Additionally,
with a tilt angle of 60°, the array is capable of generating about 254 kWh. This improved
the energy generating potential by 85% for the 45° tilted array, and 105% for the 60° tilted
array.
The two DoF positioner, on the other hand, improved the energy output of 255 kWh
with a 45° limitation angle and 269 kWh with a 60° limitation angle. As a result, the
potential of the solar array increased by 106% for the 45° limitation angle and 117% for
the 60° limitation. This orbit technique is highly variable but once the orbit parameters
such as latitude are selected, the concepts may be compared just as was done for latitudes
45° and 60° North. Overall, the results reveal similar findings. The addition of one actuator
for the positioning system provides a significant increase in energy generation.
Meanwhile, the two DOF positioner provides little value over the simpler one DoF system
which it is compared to. The recommended positioner for a CubeSat in geo-synchronous
orbit is concept 3.5, the flat plate array with one DoF rotating about the nadir axis.
7.2 Sun-Synchronous Orbit
When similar tests were simulated for CubeSats in sun-synchronous orbit, the flat
horizontal array is by far the most valuable fixed concept which generated 128 kWh over
an annual cycle at an altitude of 357 miles. Again, the one and two DoF positioners were
analyzed at the same orbit characteristics. The one DoF positioner that rotated about the
pitch axis generated 224 kWh at a limitation angle of 45° which corresponded to a 75%
increase in energy generation. The two DoF positioner generated 227 kWh at a limitation
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angle of 45° which corresponded to a 77% increase in energy generation. This, however,
is only a 1.3% increase over the 1 DoF positioner. Similar comparisons may be made for
different limitation angles however the potential of the positioner increases as the limitation
angle increases. For reference, if the limitation angle is increased to 60°, the energy
generation is found to increase by about 8 kWh for the one DoF positioner in concept 3.5.
Again, the common understanding from the simulations identify the value in adding one
actuator but little interest in adding another. In this case, the two DoF generated only about
3 kWh more over the course of the annual cycle. The recommended concept for a CubeSat
in sun-synchronous is, therefore, concept 3.5, the flat plate array with one DoF rotating
about the pitch axis.

8 Recommended Future Work
The results proved that there is a significant advantage in the implementation of an
actuated positioner to better orient the array towards the sun. There was a number of
assumptions that were made to simplify the simulations. Some of these included assuming
the Earth’s rotation around the sun to be a perfect circle and assuming the sun to be a point
rather than a sphere. This may affect the amount of time the CubeSat is in the sun and
some of the findings. Research also found that the efficiency of the triple-junction solar
module varies depending on if the sun’s rays are hitting them parallel with or perpendicular
to the grid lines. These assumptions are okay for comparing the concepts but should be
considered to calculate the energy output with higher accuracy. When comparing the
calculations and plots to those from Clark, differences between the simulations were
evident.
Another area of interest may be in regard to the energy use and weight of such an
actuation method. McGill’s design concept is potentially advantageous because it does not
consume energy generated from the solar array. However, if an active actuation method
were used to position the array, energy has to be taken from the array to run the actuator.
In doing this, the net additional energy is reduced. The energy consumption of various
actuation methods is valuable for the purpose of comparing the different concepts. Up to
this point, only the energy generated from the array is factored into the comparisons.
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Additionally, the weight of the actuation method should be included in the analysis.
Weight on a CubeSat is limited, so any actuation method takes up valuable capacity. The
weight of these positioning mechanisms is vital to see if the concept is feasible given the
strict CubeSat weight standards. If both the energy consumption and weight of each
actuation method were calculated, the various concepts would be compared with a more
complete analysis.
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